Abstract-Recent technology advances have profoundly changed the landscape of modern radiometry by enabling miniaturized, low-power, and low-noise radio-frequency receivers operating at frequencies near 200 GHz and beyond. These advances enable the practical use of receiver arrays to multiplex multiple broad frequency bands into many spectral channels. We use the term "hyperspectral microwave" to refer generically to microwave sounding systems with approximately 50 spectral channels or more. In this paper, we report on the design and analysis of the receiver subsystem (lensed antenna, RF frontend electronics, and IF processor module) for the Hyperspectral Microwave Atmospheric Sounder (HyMAS) comprising multiple receivers near the oxygen absorption line at 118.75 GHz and the water vapor absorption line at 183.31 GHz. The hyperspectral microwave receiver system will be integrated into a new scanhead compatible with the NASA GSFC Conical Scanning Microwave Imaging Radiometer/Compact Submillimeter-wave Imaging Radiometer (CoSMIR/CoSSIR) airborne instrument system to facilitate demonstration and performance characterization under funding from the NASA ESTO Advanced Component Technology program.
I. INTRODUCTION
The term "hyperspectral microwave" [1] is used to indicate an equivalent all-weather sounding performance similar to that of hyperspectral infrared sounders in clear air with vertical resolution of approximately 1 km. Hyperspectral microwave operation is achieved through the use of independent RF antenna/receiver arrays that sample the same area/volume of the Earths surface/atmosphere at slightly different frequencies and therefore synthesize a set of dense, finely spaced vertical weighting functions. Hyperspectral infrared sensors have been available since the 1990s and have demonstrated highresolution sounding performance. However, clouds substantially degrade the information content in the infrared portion of the spectrum, and a hyperspectral microwave sensor is therefore highly desirable to achieve all-weather performance.
Several recent enabling technologies make hyperspectral microwave systems feasible. Detailed physical/microphysical atmospheric and sensor models are available for high-fidelity performance and error modeling simulations. Advanced, signal-processing based retrieval algorithms allow fast and accurate assessments of performance and system optimization. Radio frequency receivers are being developed with unprecedented levels of sensitivity and are highly compact and amenable to low-power operation, thereby facilitating array implementations.
The demonstration system described in this work observes in 36 channels near the 118.75-GHz oxygen absorption band (including four channels in a relatively transparent band near 108 GHz) and in 16 channels near the 183.31-GHz water vapor band. The channel characteristics are shown in Fig. 1 , and the temperature weighting functions are shown in Fig. 2 .
II. RADIOMETER ARCHITECTURE AND SUBSYSTEMS
We now describe a 52-channel hyperspectral microwave receiver subsystem with four temperature sounding bands (two antennas) near 118.75 GHz and two moisture sounding bands (one antenna) near 183.31 GHz. Both polarizations are measured (although at slightly different IF passbands) to increase the total channel count. The receiver subsystem will be integrated into a NASA Conical Scanning Microwave Imaging Radiometer (CoSMIR) compatible scan drum [2, 3] . A notional subsystem block diagram is shown in Fig. 3 . The ultra-compact IF processor module (shown in green, to be developed by MIT Lincoln Laboratory) and the receiver frontend modules (shown in red, to be developed by NASA GSFC) are discussed in the following sections.
A. IF Processor
The millimeter wave receiver front-ends covering the 118-GHz and 183-GHz bands are downconverted to K/Ka-band covering 18-29 GHz. The wideband IF will be amplified by two commercially procured GaAs pHEMT MMICs providing 30 dB of gain and 3-dB noise figure before the channelizing filter. In the 118 GHz band, 18-19 GHz is used for surface sensing while the atmospheric channels fall between 23.5-28.5 GHz where they will be channelized into 8 x 625 MHz Note that a doubler will be integrated with the 183-GHz mixer block so that the 38.5-GHz DRO (with integrated doubler) output can be supplied to the mixer block via coax. channels requiring filters with 2.2-2.6 percent bandwidth. For each radiometer, we plan to split the signal and design two 4:1 multiplexers with each multiplexer taking every other channel such that the channel crossover points are approximately 20 dB down. This approach will reduce the interaction between each channel and thus simplify tuning. Because there are four receivers in the 118-GHz band and two in the 183-GHz band, the channelizers behind each receiver will be slightly different. In the case of the 118-GHz band, the channels will be shifted by a quarter of a channel (156.25 MHz) for each receiver, resulting in a total of 32 channels in the 113-118 GHz band and four additional window channels in the 108-GHz band. Similarly, in the 183-GHz band the channels for each receiver will be shifted by a half of a channel (625 MHz), resulting in 16 channels in the 172-183 GHz band.
At the output of each channel there will be a diode detector optimized for stable and linear response with a broadband resistive match for accurate power measurement. The detected signal will be amplified by a low-power CMOS op-amp and sampled by a 16-bit ADC. Each channel will be read into a small FPGA to aggregate the data into a single data stream and interface it to the flight computer. All 52 radiometer channels, the associated detection electronics, and local power conditioning will be integrated into a single package to minimize volume (50 cm 3 ), mass (300 g), and power (2.5 W). All needed parts have been identified with a direct path to space-qualified implementation. The module will be fabricated using low-temperature co-fired ceramic technology (see Fig. 4 , which allows multiple metal levels and embedded passive components [4] [5] [6] [7] [8] [9] [10] . The dielectric constant is relatively high, thus reducing the feature size to facilitate a more compact envelope.
B. Receiver Subsystems 1) 118-GHz Receivers:
Four identical radiometers will be developed by NASA GSFC to cover 108-119 GHz. Commercially procured components will be used to minimize costs. Subharmonic mixers will be pumped by phase-locked oscillators. Single-sideband operation will be achieved by waveguide filtering of the lower sideband. A relatively high IF frequency is chosen to facilitate miniaturization of the IF processor module. Lensed corrugated feed antennas are used to achieve a FWHM beamwidth of approximately 3.5 degrees. Broadband operation over a relatively high intermediate frequency range (18-29 GHz) is a technical challenge of the front-end receiver systems, and a receiver temperature of approximately 2000-3000K is expected over the receiver bandwidth, based on conversations with several manufacturers. This performance, together with 100-msec integration times typical of airborne operation, yields channel NEDTs of approximately 0.35K, which is adequate to demonstrate the hyperspectral microwave concept by comparisons with high-fidelity ground-truth available either by coincident overpasses of hyperspectral infrared sounders and/or in situ radiosonde/dropsonde measurements. Performance could be improved markedly by the addition of a low-noise amplifier prior to the mixer, but this is not necessary to demonstrate the hyperspectral microwave concept. This upgrade could readily be performed in the future, and the receiver subsystem will be mechanically designed to facilitate such an upgrade.
2) 183-GHz Receivers: Two identical 173-183 GHz radiometer front ends will be developed by NASA GSFC using similar design strategy as discussed above for the 118-GHz receivers. Key parts, including the wideband mixer, have been chosen directly from GPM Microwave Imager (GMI) heritage development performed by NASA GSFC. Channel NEDTs will be 0.35K.
III. PLANNED AIRBORNE DEMONSTRATION
The radiometer and antenna subassemblies will be integrated in a NASA CoSMIR-compatible scan drum for testing (see Fig. 5 ). This flight infrastructure provides a low-cost pathway to flight demonstration of the hyperspectral microwave sounding capability in a piggy-back capacity with currently planned CoSMIR activities in support of the GPM mission. When first completed in year 2003, the CoSMIR system comprised four receivers near 50, 91, 150 and 183 GHz, which measure horizontally polarized radiances at the frequencies of 50.3, 52.8, 53.6, 150, 183.3±1, 183.3±3, and 183.3±6.6 GHz, and dual polarized radiances at 91.665 GHz from on board the NASA high-altitude ER-2 aircraft. Two calibration targets, one maintained at ambient (cold) temperature and another heated to a hot temperature of about 328 K, are closely coupled to the scan head and rotate with it about the azimuth axis.
All receivers and radiometer electronics are housed in a small cylindrical scan head (21.5 cm in diameter and 28 cm in length) that is rotated by a two-axis gimbaled mechanism capable of generating a wide variety of scan profiles.A new scan head will be populated with the hyperspectral microwave receiver subsystem described above. The program culminates with ground testing of the hyperspectral microwave receiver subsystem at NASA GSFC in 2015. Extensive thermal testing of the IF spectrometer will be carried out to measure and characterize any thermal sensitivity. Thermal and radiometric testing of the entire receiver subsystem will characterize noise performance, linearity, and channel crosstalk.
IV. PERFORMANCE SIMULATIONS
The theoretical performance of hyperspectral microwave sensing as implemented in a 52-channel HyMAS is shown in Fig. 6 and Fig. 7 in comparison with a present state-ofthe-art system, the Advanced Technology Microwave Sounder (ATMS) launched on the NPOESS Preparatory Project in October, 2011. Furthermore, simulations show that the proposed HyMAS 118/183-GHz pathfinder system should yield surface precipitation rate and water path retrievals for graupel, snow, rainwater, etc. with accuracies comparable to those of ATMS [1] , and further improvements in retrieval methodology (for example, polarization exploitation) are expected. An additional benefit of this approach is improved reliability due to graceful degradation in the event of channel failures, as the channel set is partially redundant.
V. SUMMARY AND CONCLUSIONS
Hyperspectral microwave sensors could change the landscape of atmospheric sounding for both LEO and GEO systems. An intermediate frequency processor fabricated in LTCC technology is a key innovation enabling ultracompact microwave radiometry in a variety of applications with severe constraints on size, weight, and power. Fabrication and testing of the hyperspectral microwave receiver subsystem will occur in 2012/2013 with performance validation in 2014/2015. 
